The atomic structure and elastic properties of silicon carbide nanowires of different shapes and effective sizes were studied using density functional theory and classical molecular dynamics. The surface relaxation led to surface reconstruction with splitting of the wire geometry to hexagonal (surface) and cubic (bulk) phases.
Introduction
Silicon carbide (SiC) is a very promising material to design effective high power, high frequency and high temperature semiconducting devices [1] . The high breakdown field, high thermal conductivity and high saturation velocity [2] concur in making SiC stand out from other wide band-gap materials (e.g., GaN, GaP, diamond).
Silicon carbide 1D nanoclusters are promising structures to realize new nanodevices with unique properties. The SiC nanotubes [3, 4] are an example of 1D SiC nanoclusters with tense atomic structure due to uncharacteristic SiC sp 2 hybridization. The 1D SiC nanowires (SiCNWs) overcome this disadvantage due to bulk crystalline nature and can be promising structures for future nanodevices.
SiCNWs can be synthesized by a reaction of silicon with carbon nanotubes. Dai et al. [5] used multi-wall carbon nanotubes in a vapor-solid reaction, yielding SiCNWs and other carbide nanorods with effective diameters ranging from 2 to 30 nm. Zhang et al. [6] used single-wall nanotubes (SWNTs) in a solid-solid reaction with the control of the growth process to fabricate SWNT-SiCNW heterostructures with well-defined crystalline interface. SiCNWs of 10 to 30 nm were synthesized by chemical vapor deposition (CVD) [7, 8] by Zhou et al. [9] managed to reduce the nanowire size down to 5 nm using iron particles as the catalyst. Synthesis of SiCNWs with effective diameter less than 10 nm by arcdischarge [10, 11] or by direct chemical reaction [12] was also demonstrated. More recently, Yang et al. [13] proposed the synthesis of SiC nanorods by thermal decomposition of a polymeric precursor with thicknesses ranging from 80 to 200 nm. A promising achievement for nanowire-based molecular electronics is the growth of coaxial SiCNWs, reported by Shen et al. [14] .
Recent experimental study of the mechanical properties of SiC nanowires reports the maximum bending strength of 53.4 GPa for SiC nanowire of 23 nm diameter [15] , which is significantly larger than the comparative maximum value of 28.5 GPa, obtained for multiwall carbon nanotubes.
In the work of Menon et al. [16] branched clathrate nanowires were investigated. The stability and electronic properties were studied by semi-empirical quantum-chemical method.
To the best of our knowledge there are only few papers devoted to the theoretical study of the elastic properties of SiC nanowires. For example, the 110 and 111 SiCNWs were calculated in the papers by Makeev et. al. [17] and Wang et. al. [18] , respectively. The buckling behavior of the nanowires was observed and Young modules were estimated.
Branched nanowires of various types offer another approach to increase structural complexity and physical properties [19] . In the paper by Wang et al. [20] a new way to synthesize hyperbranched Si and GaN nanowires was proposed. Alivisatos et al. [21] reported chemical wet synthesis of tetrapod (or branched nanocrystals) of cadmium telluride with the control of effective diameter of identical arms. Also, dendrite silicon wires [22] and branched SiC nanowires [23] were synthesized experimentally.
The main goal of this work is a theoretical description of elastic properties of 110 oriented silicon carbide nanowires having different shapes. The planewave pseudopotential DFT-LDA technique 2 was used to calculate the elastic properties of a pristine SiC nanowire. The classical molecular dynamics was used to study the elastic properties of branched SiC nanowires. Theoretical description of 1D SiC structures allowed us to elucidate the mechanism of elastic and inelastic distortions under stress and calculate effective Young's modules of the structures. This study is organized as follows: Section II describes the computational methods and objects under investigation, followed by the results and discussion in Section III. Conclusions are presented in Section 4. The electronic structure calculations of a set of silicon carbide nanowires were carried out using density functional theory in the framework of local density approximation [24, 25] with periodic boundary conditions using Vienna Ab-initio Simulation Program (VASP) [26] [27] [28] . We used a planewave basis set, ultrasoft Vanderbilt pseudopotentials [29] and a planewave energy cutoff equal to 358.4 eV. To calculate equilibrium atomic structures, the Brillouin zone was sampled according to the MonkhorstPack [30] scheme with a 1×1×8 k-point convergence grid. To avoid interactions between the species, neighboring SiCNWs were separated by 10 Å in the tetragonal supercells. During the atomic structure 3 minimization, structural relaxation was performed until the change in total energy was less than To calculate the atomic structure and elastic properties of SiC branched nanowires classical molecular dynamics with Tersoff potential [34] was used. The potential is known to describe adequately the crystalline [35] , amorphous [36] and nanostructured [37] phases of SiC and its nonstoichiometric alloys [38] .
Structural models and methods of calculations
The method of atomic plane [39, 40] was used to simulate external pressure. Previously this method was used to study the elastic properties of multiterminal carbon nanotubes [39, 40] . The bending strain on the junctions of the YSiCNWs was created by a piece of atomic plane placed parallel to the stem axis. We choose the pure repulsive potential between the plane and nanowire for avoiding nonrealistic bonding between them. The plane was driven towards the branch in small steps and the YSiCNW was optimized in each step (see Fig. 2 ). The end of the YSiCNW stem was fixed. The strain is applied along z direction in increments of +1 % (tension) and −1 % (compression).
The strain energy is the total elastic energy accumulated in the nanowire due to external loading. In the elastic regime, the elastic energy depends on the applied strain (e zz ) quadratically and proportional to one half of the Young's module. Consequently, the Young's module can readily be extracted from the theoretical data using 
Results and discussion
The perpendicular cross-section of initial and relaxed structures of SiCNW calculated using DFT-LDA method is presented in Figs 2a and 2b. The [100] surface reconstruction is caused by the formation of Si-Si and C-C dimers on the [100] facets (Fig. 3b) as well as due to increasing the distance between the first and the second layers of the SiCNW (Fig. 3a) . Similar effect was studied in the paper by Ivanovskaya et al. [41] for BN nanowires and Barnard et al. [42] for diamond NW. The nanowire structure consists of the outer hexagonal layer and internal crystalline rod with the cubic 3C-phase structure of SiC. Actually, the SiC nanowire atomic structure consists of sp 2 + sp 3 phase. In the paper by Sun et al. [43] the SiC multi-wall nanotubes were observed. Menon et. al. [3] predicted the hexagonal SiC nanotubes and calculated the single hexagonal SiC layer. The distances between silicon and carbon in the layer are close to the distances between surface atoms of the studied wires ( Table 1 ). The unit cell parameter, c, of the wires tend to the bulk 3C-SiC value (which is equal to the length of the diagonal of base of the cell a 2 ). Comparison of our DFT-LDA results with the theoretical [17] and experimental [44] data (   Table 2) shows that the Young's modules obtained in our calculations significantly differ from the early reported theoretical results [17] . We suppose that the differences are caused by different approaches used to calculate the wires (ab initio DFT in this paper and the classical Tersoff potential in the paper by Menon et al. [17] ). The simulations of the wires with Tersoff potential do not lead to the appearance of the mixed sp 2 + sp 3 phase with increasing the wire stiffness. 660 (175) The changes in the total energy in comparison with the total energy of the initial strain-free configuration reflect the strain energy E as a function of strain ε . At small strain the strain energy of the structures displays quadratic behavior 2 2 1 ε ′ ′ = E E (Fig. 2a) . Let us compare the stiffness of the branched SiC nanowires with muliterminal nanotubes [40] . The passivation of the surface of the wire changes the mechanical behavior especially for the critical values of bending. The passivating atoms (i.e. hydrogens) prevent the bonding between the branches and therefore increase the flexibility of the wire. This effect was observed in the case of silicon branched wires [45] . Also the passivated wires should have bigger effective Young module due to the interaction of neighboring passivating atoms during the bending.
The unloading of elastically bent wires should lead to oscillations of branches with the frequency depending upon the branch lengths and diameters and the structures can be possibly used as tuning forks for ultrahigh frequencies.
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Conclusions
The elastic properties of silicon carbide nanowires of different shapes were studied by using density functional theory and molecular dynamics simulations with Tersoff model potential. It was found that the surface relaxation led to significant surface reconstruction with splitting of the wire geometry to hexagonal (surface) and cubic (bulk) phases. The Young modules of the wires were calculated.
The bending process of branched silicon carbide nanowires was investigated. In inelastic regime the formation of new bonds between different parts of the nanowires in the region of branch crossing was observed. The dependence of the effective YSiCNW Young modules on the branch lengths was found.
The stiffness of the wires and nanotubes from the reference paper was compared. It was found that the stiffness of the wires was much larger due to crystalline structure of the wires.
